Bioaugmentation is the accelerated removal of undesired compounds from contaminated hazardous waste sites or bioreactors by using indigenous or allochthonous wild-type or genetically modified organisms (48) . These inocula usually are highly efficient in the removal of the xenobiotic targets under laboratory conditions. However, under natural conditions, these laboratory strains have to compete with the established microbial community, resulting in a decrease of the amount of inoculated cells (15) . This competition can be controlled by adding a carbon source that the inoculant can degrade (5) or by changing operation parameters (14) . Thus far in water treatment, only a few successful cases of small-scale bioaugmentation in activated sludge by using natural or genetically modified microorganisms have been described. McClure et al. (27) obtained enhanced but incomplete degradation of 3-chlorobenzoate (3CB) in a laboratory-scale activated-sludge unit after inoculation of activated-sludge-derived bacteria (28) able to mineralize 3CB. Nüblein et al. (32) inoculated a laboratoryscale activated-sludge unit with Pseudomonas sp. strain B13 FR1(pFRC20P) and observed a drastic decrease of 3CB and 4CB 3 days after inoculation, while in the noninoculated reactor 8 and 15 days of adaptation, respectively, were needed. Selvaratnam et al. (37) inoculated a sequencing batch reactor with Pseudomonas putida PP301(pO103) to remove phenol, and ca. 85% of the phenol was degraded within 2.5 h. Little is known about the effect of bioaugmentation of activated-sludge reactors on the microbial community of 16S rRNA genes. Eichner et al. (10) used thermal gradient gel electrophoresis (TGGE) to examine the effect of a pollutant shock on the activated-sludge microbial community and observed protection by the inoculation of a genetically modified strain able to avoid formation of toxic intermediates. The addition of specialized strains to activated sludge to enhance the removal of pollutants present in the influent is not yet widely applied, because bioaugmentation is less predictable and controllable than the direct destruction of contaminants, such as incineration.
Aromatic amines, such as chloroanilines, are widely used for the production of dyes, drugs, and herbicides (22) and as a consequence of their application are released in the environment. These compounds are also introduced via the metabolism of phenylamide pesticides (17) . These toxic and recalcitrant residues are considered important environmental pollutants (30) . Therefore, many efforts were made to isolate bacteria capable of degrading chlorinated anilines. Moraxella sp. strain G (54) is the first isolate that was found to be able to use 4-chloroaniline as the sole source of carbon, nitrogen, and energy. Later, more chloroaniline-metabolizing strains were isolated, such as Pseudomonas sp. strain JL2 (23) , Pseudomonas (now Brevundimonas) diminuta INMI KS-7 (42), Pseudomonas (now Delftia) acidovorans CA28 (24) , Pseudomonas (now Delftia) acidovorans BN3.1 (8) , Aquaspirillum sp. strain 2CA, and Paracoccus denitrificans 3CA (41) . The first step in the degradation of chloroanilines is the deamination to chlorocatechols. These chlorinated catechols seem to be usually degraded by a modified ortho-cleavage pathway (19, 55) , but recently, the use of a meta-cleavage pathway for the mineralization of 3-chlorocatechol has been determined (21, 26) . In the past, the meta-cleavage intermediates of chlorinated catechols, e.g., chlorohydroxymuconic semialdehyde, were described as toxic metabolites preventing further degradation (24) .
The aims of this work were to isolate and characterize the microbial component of activated sludge that is able to degrade 3-chloroaniline (3-CA) and to investigate the eventual enhanced degradation of 3-CA by the activated sludge after inoculation with the strain. In addition, the effect of inoculation on the microbial community structure of the sludge was examined.
MATERIALS AND METHODS
Media and culture conditions. The mineral medium MMN (mineral medium without nitrogen and carbon) is derived from MMO mineral medium (39) 3 , and 3.2 mg of EDTA in 1 liter of distilled water. The liquid mineral media were supplemented with 150 to 250 mg of aniline (Sigma-Aldrich Chemie, Steinheim, Germany) or 3-CA (Fluka AG Chemische Fabrik, Buchs, Switzerland) per liter, while for the solidified media, aniline and 3-CA were added at a concentration of 500 mg/liter. Luria broth (LB) medium containing 10 g of Bacto Peptone (Difco, Detroit, Mich.), 5 g of Bacto yeast extract (Difco), and 5 g of NaCl in 1 liter of distilled water was used as a rich medium. These media were solidified with 2% agar for plate growth.
Cultures were incubated on a rotary shaker under aerobic conditions at 28°C. Growth was monitored by measuring the turbidity at 600 nm. Two hundred microliters of an overnight-grown LB culture of strain I2, washed twice in saline (0.85% NaCl), was inoculated in 200 ml of MMN medium with 3-CA (150 mg/liter) (0.1% inoculation) to monitor the transformation of 3-CA.
Isolation and characterization of Comamonas testosteroni I2. Strain I2 was isolated from an enrichment culture obtained from activated sludge of a domestic wastewater treatment plant (Bourgoyen-Ossemeersen plant, Gent, Belgium) after repeated supplementation with 3-CA. During 6 weeks a 1-liter Erlenmeyer flask containing 200 ml of the activated sludge (4 g [dry weight] per liter) was supplemented every 7 days with 200 mg of 3-CA/liter. After 6 weeks, a 0.5-liter Erlenmeyer flask containing 200 ml of MMN with 3-CA (200 mg/liter) was inoculated with 2 ml of the activated sludge. After 6 days, 2 ml of this enrichment culture was transferred to a new 0.5-liter Erlenmeyer flask with 200 ml of MMN with 3-CA (200 mg/liter). After another 6 days, this culture was spread onto MMN-3-CA agar plates (500 mg of 3-CA/liter) and incubated at 28°C for 1 week.
Identification of the isolate. Gas chromatographic analysis of fatty acid methyl esters (FAME) was performed as described previously (49) . The FAME profiles were identified using the Microbial Identification System, version 4.0 (Microbial ID, Inc., Newark, Del.).
For sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, cells were harvested from tryptic soy agar (BBL) plates after 48 h of incubation at 37°C. Preparation of the cell extract, gel electrophoresis, and numerical comparison were performed as previously described (34) and by using the GelCompar 4.1 software package (Applied Maths, Kortrijk, Belgium).
DNA was enzymatically degraded into nucleosides as described by Mesbah et al. (29) . The nucleoside mixture obtained was then separated by high-performance liquid chromatography (HPLC) using a Waters SymmetryShield C 8 column thermostated at 37°C. The solvent was 0.02 M NH 4 H 2 PO 4 (pH 4.0) with 1.5% acetonitrile. Nonmethylated lambda phage DNA (Sigma-Aldrich Chemie) was used as the calibration reference.
DNA-DNA hybridizations were performed with photobiotin-labeled probes in microplate wells as described by Ezaki et al. (13) , using an HTS7000 BioAssay Reader (Perkin-Elmer, Norwalk, Conn.) for the fluorescence measurements. The hybridization temperature was 55°C.
Marking with gfp. Escherichia coli strain C118 pir(pUT-miniTn5 gfpKm) (18, 46) was obtained by transformation (9) . The pUT plasmid, comprising a miniTn5 transposon with RP4 resolvase sites flanking the nptII gene (responsible for kanamycin resistance), was used for insertion of the gfp gene into the chromosome of strain I2. Biparental mating between the donor strain E. coli C118 pir (18) and the recipient strain I2 with selection on LB plates with rifampin (100 mg/liter) and kanamycin (50 mg/liter) resulted in I2gfp derivatives with the nptII and gfp genes inserted in the chromosome. This was confirmed by PCR with gfp primers (see below).
SCAS reactors. The experiments were conducted in duplicate with sludge freshly collected from a domestic wastewater treatment plant (Bourgoyen-Ossemeersen). The total bacterial count of the sludge was 4.4 ϫ 10 8 bacteria/ml, determined with a Live/Dead Bacterial Viability Kit (L-13152; Molecular Probes, Eugene, Oreg.) as described by according to Boulos et al. (7) . The reactors, with a volume of 1.1 liters, were operated according to the semicontinuous activatedsludge (SCAS) procedure at room temperature (ca. 21°C). The tests were conducted with synthetic influent consisting of skim milk powder (Gloria, Nestlé) dissolved in tap water. The use of skim milk powder allowed the use of a constant wastewater that was rich in nutrients, with a chemical oxygen demand (COD)/ N/P ratio equal to 100:6:1. The reactors were fed every day after wastage of excess sludge and settling. The SCAS reactors were operated at a volumetric loading rate of 1 g of COD/liter ⅐ day, with a hydraulic retention time of 4 days and a sludge retention time of 11 days. All four reactors had a loading rate of 40 mg of 3-CA/liter ⅐ day, added as a daily single dose. One liter of the mixed liquor was subjected to a half-hour period of settling in an Imhoff cone to analyze the sludge volume (SV) (16) . On days 1, 3, and 5 of each week, the settling was followed by decantation of 400 ml of the supernatant and addition of 500 ml of fresh influent. The wasted sludge was used for analyze as follows: at day 1 of the week, a DNA extraction of the sludge was performed, and the pH, oxygen uptake rate (OUR), and concentration of strain I2gfp were determined; daily, an HPLC sample was taken and the suspended solids (SS) and sludge volume index (SVI) were measured (16) . Two duplicate reactors were inoculated with C. testosteroni I2gfp (reactors A), and two duplicate reactors were used as noninoculated controls (reactors B). No important differences could be observed between the two duplicate reactors. Hence, unless otherwise indicated, the data reported are averages for both duplicates. The reactors were operated without 3-CA for 12 days to allow the microbial community to adapt to the changed environment and growth conditions. After this period, reactors A were inoculated with C. testosteroni I2gfp to a final concentration of 3 ϫ 10 6 cells/ml. The cells were pregrown overnight in LB medium containing 100 mg of 3-CA/liter, washed twice with saline, and finally resuspended in saline.
Bacterial counts. Sludge flocs were dispersed by purging a 1-ml sample five times through a sterile syringe of 1 ml with a needle (1.2 by 40 mm). LB agar medium, supplemented with rifampin (100 mg/liter) and kanamycin (50 mg/liter) was used to count the I2gfp cells. By using green fluorescent protein fluorescence, it was possible to detect 10 CFU of strain I2gfp per ml against the background of about 10 3 CFU of total kanamycin-and rifampin-resistant microorganisms per ml.
UV-light microscopy. The sludge samples were analyzed by UV-light microscopy using a Reichert-Jung Polyvar microscope equipped with an Mercury short arc lamp HBO (200 W). Samples were examined with 40ϫ and 100ϫ objectives, using very-low-fluorescence immersion oil.
Respirometric activity measurements. The metabolic activity of the activated sludge in general was expressed as OUR. Therefore, activated-sludge samples (200 ml) were transferred to the vessel and saturated with oxygen by bubbling air with a pump. Once oxygen saturation (ca. 8 mg of O 2 /liter) was reached, the aeration was ceased and the oxygen electrode (Oxyguard Probe; Kelma, Niel, Belgium) was placed in such a way that the opening of the vessel was barely closed. Sodium acetate was added to a final concentration of 50 mg/liter. Samples were mixed with a magnetic stirrer during measurements. The method was further performed as described by Surmacz-Gorska et al. (40) , calculating the activity from the constant slope of oxygen concentration over time. The activity measurements resulted in the OUR (grams of O 2 per liter per day).
Analytical methods. The supernatants of cultures were analyzed for 3-CA content by reversed-phase HPLC after centrifugation of the cells at 5,000 ϫ g for 10 min. The HPLC system consisted of a Kontron liquid chromatograph with a DEGASYS DG-1310 system to degas the mobile phase, three Kontron 325 high-pressure pumps, a Kontron MSI 660 injector with a 20-l loop, a Kontron DAD 495 diode array detector, and a 450 MT2/DAD software system. An Alltima C 18 reversed-phase column (250 by 8 mm [inner diameter], 5-m particle size; Alltech, Deerfield, Ill.) was used. The mobile phase consisted of CH 3 OH-NH 4 H 2 PO 4 (0.1 M, pH 3.8)-H 2 O (70:25:5), with a flow rate of 0.75 ml/min. The UV detector was used at 210 nm. Quantitative data for 3-CA were obtained by comparing the peak areas of unknown concentrations with the peak areas of standards of known concentrations.
The absorption spectra were recorded on a Kontron Uvikon spectrophotometer (model 932).
DNA extraction and purification. Total DNA was extracted from the sludge samples by a method based on the protocols described previously (11, 12) . This protocol was modified as follows. Two milliliters of sludge was added to a 14-ml polypropylene round-bottom tube (Falcon). To this, 3 g of beads (0.10-to 0.11-mm-diameter) (B. Braun Biotech International, Melsungen, Germany) and 4 ml of 10 mM Tris-HCl (pH 9) were added. The mixture was beaten three times for 90 s using a bead beater (B. Braun Biotech International) at 2,000 rpm. Then, 2 ml of 4 mg of lysozyme per ml in 10 mM Tris-HCl (pH 9) was added, followed by incubation of the samples for 15 min at 28°C on a rotary shaker. Subsequently, 300 l of 20% SDS was added, and samples were slowly mixed for 5 to 10 min. After this, 1 ml of 8 M ammonium acetate was added. The supernatant was collected after centrifugation at 7,000 ϫ g for 15 min at 4°C. A chloroformisoamyl alcohol (24:1) purification was done, followed by centrifugation at 7,000 ϫ g for 15 min at 4°C. The aqueous phase was transferred to a new tube, and 0.8 volume of isopropanol was added. The precipitation was performed for 1 h at Ϫ20°C. Alternatively, 2.5 volumes of ethanol (100%) were added for overnight precipitation. The pellet (crude extract) was obtained by centrifugation at 12,000 ϫ g for 25 min and was resuspended in 250 l of distilled water. A 100-l aliquot of the crude extract was further purified using Wizard PCR preps (Promega, Madison, Wis.), and the purified DNA was finally recovered in 50 l of distilled water.
For axenic cultures, the template for PCR amplification was obtained by suspending a colony in 200 l of sterile distilled water, boiling for 15 min, and storing at Ϫ20°C. Two microliters of the lysed cells was used in the PCR.
PCR conditions. Two microliters of the extracted DNA was amplified by PCR with a 9600 thermal cycler (Perkin-Elmer). The PCR mixture used contained 0.5 M each primer, 200 M each deoxynucleoside triphosphate, 1.5 mM MgCl 2 , 10 l of thermophilic DNA polymerase 10ϫ reaction buffer (MgCl 2 free), 2.5 U of Taq DNA polymerase (Promega), 400 ng of bovine serum albumin (Boehringer) per l, and DNase-and RNase-free filter-sterilized water (Sigma-Aldrich Chemie) to a final volume of 100 l.
Repetitive extragenic palindromic (REP)-PCR was done as described by Versalovic et al. (50) to distinguish identical isolates.
The gfp gene was amplified by PCR with a set of primers based on specific regions of the gfp sequence (GenBank accession number M62653). The set consisted of the primer gfpF (5ЈCCATGGCCAACACTTGTCAC3Ј [forward]) and gfpR (5ЈCTTTCGAAAGGGCAGATTGT3Ј [reverse]).
The 16S rRNA genes from sludge microbial communities were amplified by PCR as suggested by El Fantroussi et al. (12) , using the forward primer P63f (5ЈCAGGCCTAACACATGCAAGTC3Ј) and the reverse primer P518r (5ЈAT TACCGCGGCTGCTGG3Ј) (31, 33) . A GC clamp of 40 bp (31, 33) was added to the forward primer. The length of the expected amplified fragment with the GC clamp was 530 bp.
DGGE. Denaturing gradient gel electrophoresis (DGGE) based on the protocol of Muyzer et al. (31) was performed using the D Gene System (Bio-Rad, Hercules, Calif.). PCR samples were loaded onto 6% (wt/vol) polyacrylamide gels in 1ϫ TAE (20 mM Tris, 10 mM acetate, 0.5 mM EDTA, pH 7.4). The polyacrylamide gels were made with a denaturing gradient ranging from 40 to 60% (where 100% denaturant contains 7 M urea and 40% formamide). The electrophoresis was run for 14 h at 60°C and 50 V. After the electrophoresis, the gels were soaked for 5 min in fixation buffer (10% ethanol, 0.5% acetic acid) and subsequently for 10 min in SYBR GreenI nucleic acid gel stain (1:10,000 dilution; FMC BioProducts, Rockland, Maine). The stained gel was immediately photographed on a UV transillumination table with a video camera module (Vilbert Lourmat, Marne-la Vallé, France).
Analysis of DGGE patterns. The statistical comparison of the DGGE patterns on the same gel was done with the GelCompar software 4.1 (Applied Maths). The calculation of the matrix of similarities is based on the Pearson productmoment correlation coefficient. The clustering algorithm of Ward (51) was used to calculate dendrograms.
RESULTS

Characterization of C. testosteroni I2.
The enrichment culture described above was plated on MMN medium to obtain single colonies. The purified colonies were tested in liquid MMN medium with 3-CA (200 mg/liter) and on plates with 3-CA (500 mg/liter) as the sole source of carbon, nitrogen, and energy. By further selection, five strains (named I2, I5, I6, I8, and I9) which could use 3-CA as the sole source of carbon, nitrogen, and energy were isolated. These five strains had nucleotide compositions of between 61.6 and 61.9 mol% guanosine plus cytosine and identical SDS-polyacrylamide gel electrophoresis and REP-PCR profiles (data not shown) and were identified via FAME analysis (using the commercial MIS database) as C. testosteroni. In DNA-DNA hybridization experiments, these five strains showed a DNA reassociation of between 68 and 76% with C. testosteroni LMG 1800 T (25), while reassociation values within these five isolates were between 88 and 100%. The isolates were therefore identified as C. testosteroni. Since none of the techniques used could differentiate between the strains, they probably have a clonal origin.
During the growth of these 3-CA-assimilating strains in MMN medium (both liquid and solid) with 3-CA as the sole carbon, nitrogen, and energy source, a yellow coloration of the medium developed and disappeared again after prolonged incubation. On LB agar plates, the strains showed phenotypic instability, resulting in two types of colonies with different morphologies. Further purification of both types of colonies continued to yield a mixture of both types.
Degradation of 3-CA and aniline by C. testosteroni I2 in pure culture. When a 0.1% inoculum is used, C. testosteroni strain I2 can metabolize aniline and 3-CA as the sole source of carbon, nitrogen, and energy in ca. 80 h (Fig. 1) . In order to quantify the yellow intermediate, a wavelength scan of the medium between 200 and 400 nm was performed at different times of incubation of the growth culture. During the first 48 h, no visual changes were observed and no 3-CA was degraded. After 48 h, the culture ended the lag phase and the medium began to become yellow (Fig. 1) . One day later, the cells were in the logarithmic phase and the intensity of the yellow color was high. Until 77 h, this metabolite accumulated and at the same time the concentration of 3-CA decreased equally. Once the absorption peak at 380 nm had disappeared (82 h) (Fig. 1) , the total 3-CA was metabolized. An equimolar amount of chloride ions was released during the degradation of 3-CA by strain I2 (data not shown).
The absorption maxima of the yellow intermediate at different pHs were examined. At pH 2, 7, and 12 the maximum absorptions of the yellow intermediate were at 323, 380, and 378 nm, respectively.
Survival and activity of C. testosteroni I2gfp in the SCAS reactors. In order to monitor the survival of strain I2 in activated sludge, it was chromosomally marked with the gfp gene, which was expressed constitutively by a PpsbA-promoter (46) . The insertion of the gfp gene in several transconjugants was confirmed by PCR with the gfp-specific primers gfpF and gfpR. The gfp-marked strain I2gfp showed the same degradation characteristics as the original strain in MMN medium (data not shown). Before strain I2gfp was inoculated into the sludge reactors (reactors A) and before 3-CA was added, the sludge was adapted for 12 days to the operating SCAS system. At this point (day 0 in Fig. 2) , the daily supplementation with 3-CA started. During the first 3 days, no degradation was observed in any of the reactors. In the inoculated reactors A, enhanced degradation was observed from day 4 until day 7, and during the next 12 days complete degradation of 3-CA was achieved. After 3 weeks, however, the concentration of 3-CA increased and stabilized at a level corresponding with ca. 50% degradation. A mass balance calculation of 3-CA in a reactor (with 0% degradation) showed that the concentration of 3-CA fluctuated weekly, based on the daily addition and the washout. No significant removal of 3-CA occurred in the control reactors B during the first 30 days. However, from day 30, enhanced degradation was observed in reactor B1, comparable to that in the inoculated reactors. The other control duplicate, B2, did not show any enhanced degradation.
The survival and behavior of C. testosteroni I2gfp were monitored by different methods. The most sensitive way was by plating on LB medium with kanamycin and rifampin (detection limit, 10 CFU/ml). In case of background growth by indigenous bacteria, the inoculated strains could be recognized by green fluorescence protein autofluorescence under a long-wavelength UV lamp. During the first week, the concentration of I2gfp cells did not differ much from the initial value, and during weeks 2 and 3, the concentration of strain I2gfp even increased (Fig. 2) . After 30 days, the inoculum size stabilized at ca. 5 ϫ 10 5 CFU/ml. PCR with gfp primers was tested as an alternative technique to monitor the survival in sludge. The detection limit to obtain an amplification signal was ca. 5 ϫ 10 5 CFU/ml, however, which was higher than that for the plating method. In the control reactors no amplification was observed. The distribution in the cell flocs was studied by epifluorescence microscopy. A few days after inoculation, C. testosteroni I2gfp cells were visible as green cells under UV light, although the sludge microbial community had background fluorescence. The inoculated bacteria were not randomly distributed but were observed as clusters within the sludge flocs (data not shown).
Reactor performance characteristics. At the beginning of the 3-CA supplementation, all reactors showed the same performance parameters (OUR ϭ 74 mg O 2 /liter ⅐ h; SS ϭ 4.2 g/liter; SV ϭ 250 ml/liter; SVI ϭ 60 ml/liter; pH ϭ 7.6). The OUR and pH of both reactor sets did not significantly differ during the experiment (two-tailed t test; ␣ ϭ 0.05). The OUR variability of different days of one week was rather high, but the values were in the same range when the same days of different weeks were compared. After a week, the concentration of SS in the control reactors B decreased about 0.6 g/liter in comparison to that in reactors A. The SV after 30 min in both reactors was significantly different after ca. 1 week (twotailed t test; ␣ ϭ 0.05). During the first week, the SV of reactors A increased from 300 to 500 ml, and it remained at 500 ml for the rest of the experiment. The SV of the control reactors B was stable at 300 ml during the first 40 days, and it increased only slightly during the last week. This resulted in a significant difference between the SVI values of the reactors (two-tailed t test; ␣ ϭ 0.05) (data not shown).
DGGE. In order to monitor the changes within the microbial community of the SCAS reactors, the diversity of a 16S rRNA fragment was examined. Each week, a sample was taken from the four reactors, and after DNA extraction and purification, the PCR-amplified product was analyzed on a DGGE gel (Fig.  3A and B) . The patterns of the four reactors were compared with each other after normalization. To determine the information content of the banding patterns in terms of structural diversity, they were analyzed by clustering (Fig. 3C ). The cluster analysis revealed three major groups. The fingerprints showed several very strong bands, some bands of lower intensity, and an additional number of weak bands, resulting in a smear. Before the adaptation period started (day Ϫ12) and at the day of the inoculation and feeding with 3-CA (day 0), the DGGE patterns of both reactors at both times clustered together. After the first week (day 7), each reactor series began to develop a different microbial community, which was clearly separated from that of the other reactor series and from the earlier days of the experiment. On some bands, corresponding with a bacterial species, the applied treatment and the inoculation had no influence. Some bands became dominant in the reactors, while other bands vanished. The intensity of some fragments seems to be enhanced by the presence of strain I2gfp, while other species were disfavored by the inoculation.
DISCUSSION
Several bacterial species capable of degrading 3-CA are known (8, 23, 24, 41, 42, 54) . Strain I2, isolated and described in this study, is to our knowledge the first reported strain of C. testosteroni that is able to use 3-CA as the sole source of carbon and nitrogen. This species, which is often isolated from activated sludge, is resistant to starvation (28) and has been reported to be involved in the degradation of many aromatic products, such as (chloro)phenols (1, 2), p-toluenesulfonic acid (38) , and chlorinated benzenes (45) . In pure culture, complete degradation was achieved at 3-CA concentration of 200 mg/liter and was coupled with quantitative liberation of chloride. During the degradation of 3-CA, a yellow intermediate accumulated temporarily, which was further metabolized, thus indicating total metabolism of the aromatic amines. The chlorinated catechols seem to usually be degraded by a modified ortho-cleavage pathway (19, 55) . Recently, the use of a meta-cleavage pathway for the mineralization of 3-chlorocatechol as central metabolite of chlorobenzene has been determined (21, 26) . Riegert et al. (35) observed a yellow distal meta-cleavage product of 3-chlorocatechol with a strongly pH-dependent absorption maximum at 378 nm and found that this was a chlorohydroxymuconic semialdehyde. In our study, the max values at the different pHs were very similar. This comparison suggests that the degradation of 3-CA by C. testosteroni I2 also occurs by means of a distal meta-cleavage pathway for chlorocatechol. This is in contrast with the case for most other chloroaniline degraders, which have been shown to degrade 3-CA via a modified ortho-cleavage pathway (19, 55) . Only one study, by Surovtseva et al. (43) , mentioned a metacleavage of monochloroanilines by Alcaligenes faecalis; however, it is not clear if this cleavage was metabolic or cometabolic.
In this paper, the 3-CA degrading indigenous activatedsludge bacterium C. testosteroni I2 was used to accelerate the removal of 3-CA from wastewater by reinoculating the strain at high density into the same sludge system. The initial sludge microbial community was not able to effectively degrade 3-CA, although strain I2 was probably present, since it was isolated from the same activated-sludge plant. Apparently the natural level of the indigenous strain C. testosteroni I2 was too low to effect the degradation of 3-CA. To distinguish the inoculated strain from identical or similar indigenous sludge bacteria, the strain was chromosomally marked with the gfp gene. The plating method, combined with the gfp visualization with UV light, allowed sensitive and reliable monitoring of the survival of the inoculated strain and was preferred over PCR amplification of the gfp gene, which was not as reliable and sensitive. Similar difficulties with PCR-based strain detection were described by Tchelet et al. (45) , who used specific primers for the 16S rRNA gene and chlorobenzene degradation (tcb) genes to monitor an inoculated Pseudomonas strain in activated sludge. Their study and ours thus show that plating can still be a reliable method when the strain has natural or inserted (gfp-Km) specific phenotypes. It is not known, however, if this culturable fraction (CFU of I2gfp) resembles the total viable count of I2gfp in the sludge.
Successful bioaugmentation depends mainly on the behavior of the inoculated strain in the environment where it is introduced. Therefore, a first criterion is good survival and retention of the strain in the system. The growth rate of the organism may be lower than washout (52) and the rate of predation, for example, by protozoa, so that the activity of grazers reduces the cell density of the inoculum species (15) . In our experiment, an equilibrium seemed to be reached between washout, predation, and growth rate after 3 weeks with an inoculum concentration of ca. 5 ϫ 10 5 CFU of strain I2gfp per ml. The origin and the type of inoculated strain also can play an important role in the survival of the strain. Tchelet et al. (45) used Pseudomonas sp. strain P51, originally isolated from sediments, for a bioaugmentation experiment in a soil column and sewage sludge. The survival and activity of strain P51 in the soil column were successful, but the strain was not able to maintain itself in the sludge reactors and thus no degradation was observed. McClure et al. (27) showed that a sludge isolate, AS2, was able to reach a stable level after inoculation, in contrast to other inocula tested. Strain AS2 had a characteristic flocculation, which may have been an important factor in the survival. C. testosteroni I2gfp, used in this study, also maintained a stable population in the activated-sludge system. The original strain I2, also isolated from a sludge environment, tends to form clusters within the sludge flocs. This observation, together with the unstable colony morphology on agar plates, suggests the formation of exopolysaccharide production, which was described by Bossier and Verstraete (6). Those authors described C. testosteroni A20, which expresses a phenotypic shift between mucoid-colony-forming (MCF) cells and non-MCF cells under different conditions. When the strains were cultured under unfavorable conditions, the cells shifted to the hydrophobic non-MCF-form and dense flocs were formed, providing cellular protection. Under favorable conditions, MCF cells were formed and resulted in loose associations. The possibility that strain I2gfp changes phenotype under unfavorable conditions may be an important factor in the maintenance of a stable population in the SCAS reactor.
The second criterion for successful bioaugmentation is the activity of the inoculum. In our experiment, after an initial adaptation period of 6 days, complete degradation of 3-CA was obtained during 2 weeks, while no degradation at all occurred in the noninoculated control reactor. Upon further operation of the SCAS system, 50% 3-CA removal was observed. It seems that there is a correlation between the declining population density of C. testosteroni I2gfp and the lower 3-CA removal of the inoculated reactors. Although McClure et al. (27) could establish a stable population of the introduced strain in the sludge environment, no enhanced degradation of chlorobenzoate was observed. Different authors proposed that the inability of the inoculated strains to degrade the xenobiotics may have been due to the availability of alternative substrates (5, 15, 27, 28, 36, 44) . However, C. testosteroni I2gfp received daily only 40 mg of 3-CA/liter together with 1 g of COD per liter (diluted milk powder) and performed its specific activity within 2 weeks. Two preliminary SCAS experiments with the same strain I2gfp showed a very similar positive effect on 3-CA degradation during at least 2 weeks (data not shown). This observation was corroborated by the findings that when the pure culture was grown in LB medium supplemented with 100 mg of 3-CA/liter, 3-CA was not detectable after 1 day (data not shown). The degradation of 3-CA by strain I2gfp therefore is not repressed by additional nutrients. Compared with the calculated 0% degradation curve, no degradation of 3-CA was observed in either of the noninoculated control reactors B within 4 weeks. However, during the fifth week, enhanced degradation was observed in one of the reactors, probably due to the enrichment of indigenous bacteria with degradative capacities. It has been reported that in some cases indigenous bacteria become capable of removing xenobiotics after a long exposure time, either by metabolism or by cometabolism (28, 32, 47, 53) . However, in our parallel SCAS reactors, the differences in degradation rates between the inoculated and control reactors were striking and stable over a prolonged time period, suggesting that the bioaugmentation was effective and not ephemeral.
The microbial community structure of the SCAS reactors was monitored by DGGE of 16S rRNA genes. The changes of the patterns over time suggest that the structure of the microbial communities was not static but rather was dynamic. After 7 days, the microbial communities in both series of reactors evolved into separate clusters. The inoculated strain could not be seen in the DGGE patterns, most probably because its proportion of the total bacterial cell count was too small and a DGGE pattern reveals only the numerically dominant populations. Eichner et al. (10) investigated the bioprotection of activated sludge from pollutant shocks by the related method TGGE. Those authors observed subtle shifts in community structure during adaptation to laboratory conditions. In their tests, the microbiota of the noninoculated control reactor collapsed after the shock load of xenobiotics, resulting in both a lower OUR and a decrease in bands in the TGGE pattern. In our studies, the diversity of bands in the pattern of the control reactor did not decrease visibly, and no drastic changes in the reactor performance were observed during the experiment. This was confirmed by the OUR measurements, where no significant differences could be observed with the inoculated reactor. In contrast to a shock load, as applied by Eichner et al. (10) , the continuous supplementation of low concentrations of 3-CA in our experiment gave the sludge time to adapt. Remarkably, the DGGE technique combined with clustering analysis revealed subtle responses to the inoculation of strain I2gfp. Indeed, some species seemed to be enriched after the inoculation, while others tended to be less abundant.
This work indicates that bioaugmentation of activatedsludge systems for specific trace organics, such as 3-CA, can be achieved successfully. Moreover, this work corroborates what is often experienced in the use of activated sludge systems, i.e., that inoculation with a specific strain generally has only a transient effect. The fact that even an indigenous strain is only temporarily effective in activated-sludge communities substantiates the experience that biological supplements for such systems have to be added on a regular basis in order to assure continuous treatment efficacy. Further research will be per-formed to try to prolong the period of efficient degradation by the inoculum.
